The crucial role of the cerebellum in motor learning and coordination is very well known. Considerable interest has recently shifted toward its contribution to nonmotor tasks, such as working memory, emotion, and language. However, the cognitive role and functional subdivisions of the cerebellum, particularly in dynamic, ecologically realistic contexts, are not yet established. By analyzing functional neuroimaging data acquired while participants viewed a short dramatic movie, we found that posterior and inferior cerebellar regions are reliably engaged in dynamic perceptual and affective processes with no explicit motor component. These cerebellar regions show significant relevance to visual salience and unexpected turning points of the movie. Our results demonstrate that distinct functional subdivisions of the cerebellum are robustly engaged in real-life cognitive processes, playing specific roles through a dynamic interaction with higher order regions in the cerebral cortex.
Introduction
It is well established that the cerebellum plays an essential role in motor learning and coordination (Kawato 1999; Ito 2006) . In recent years, the focus of cerebellar research has shifted toward understanding its role in cognition, language and emotion. This shift was initially motivated by observations that patients with cerebellar lesions presented impairments in executive function (Karatekin et al. 2000) , language deficits (Fiez et al. 1992) , and blunted affect (Schmahmann and Sherman 1998) . Cognitive neuroscience and neuroimaging research has now clearly established that the cerebellum plays an important role in a range of cognitive and affective processes (for a review, see Strick et al. 2009 and Stoodley 2012) . Distinct and robust cerebellar activations have been observed during execution of a variety of tasks without a major motor component, such as language processing (Xiang et al. 2003; Frings et al. 2006) , working memory (Desmond et al. 1997; Chen and Desmond 2005) , decision-making (Ernst et al. 2002; Blackwood et al. 2004) , and emotion recognition (Turner et al. 2007; Baumann and Mattingley 2012) . Recent studies further demonstrated the cerebellar contribution to social cognition, including the perception of biological motion (Grossman et al. 2000; Vaina et al. 2001) and social interaction (Ohnishi et al. 2004; Gobbini et al. 2007; Jack and Pelphrey 2015) . The exact nature of the involvement of the cerebellum, however, and the nature of any putative functional subdivisions, are far less understood than its motor function (Koziol et al. 2014) .
The key to understand the diverse functions of the human cerebellum lies in its unique anatomy: the homogeneity of its neuronal cytoarchitecture and the heterogeneity of its input and output connections. Despite accounting for more than half of the neurons in the brain, the cerebellar cortex enjoys a simple and uniform cytoarchitecture, with the cell types and circuit layouts being homogeneous throughout its extent (Eccles et al. 1967; Ramnani 2006) . This uniform, "crystal-like" structure underlies the widely held notion that all subunits of the cerebellum essentially perform the same local neural computations (input-output operations), and its functional differentiation is hence largely determined by the organization of its afferent and efferent connections (Eccles et al. 1967; Schmahmann 2010) . Anatomical studies in nonhuman primates show that the cerebellum forms bidirectional and closed-loop connections with the cerebral cortex, segregated according to its functional topography (Dum et al. 2002; Schmahmann and Pandya 2006) . For example, both the primary motor cortex and the dorsal prefrontal cortex receive inputs from the cerebellum. Importantly, these inputs originate from distinct cerebellar subregions, the lobules IV-VI and the posterior Crus II, respectively (Kelly and Strick 2003) .
While the precise mapping of the cerebro-cerebellar tract in humans remains a challenge, the topology of resting-state functional connectivity between the cerebral and cerebellar cortices has been established (Habas et al. 2009; Krienen and Buckner 2009; O'Reilly et al. 2010; Buckner et al. 2011 ). Studies of resting-state functional magnetic resonance imaging (fMRI) data show that the anterior cerebellum shares robust functional connectivity with the primary and secondary motor cortices, whereas the posterior Crus I/II regions have selective functional connections with higher order regions in prefrontal and posterior parietal cortices-an organization that mirrors knowledge obtained from the monkey cerebellum using tracing techniques (Kelly and Strick 2003) . These resting-state studies, however, do not reveal the functional significance of these cerebro-cerebellar connectivity patterns, and are yet to be integrated with the task-based fMRI literature.
Complementary to traditional, constrained tasks, naturalistic behavioral paradigms, such as movie viewing, have recently emerged as a novel approach to examine neural processes that are at work during dynamic, naturally engaging stimuli (Hasson et al. 2004; Hasson and Honey 2012) . Using intersubject correlation (ISC) analysis, a series of innovative neuroimaging studies have shown that naturalistic stimuli, such as movies, evoke highly consistent neural responses across subjects, despite the seemingly uncontrolled nature of such paradigms Zeki 2004a, 2004b; Hasson et al. 2004 Hasson et al. , 2008b Hasson et al. , 2010 Jääskeläinen et al. 2008; Nummenmaa et al. 2012; Abrams et al. 2013) . This intersubject consistency is not only found in primary sensory cortices, but also in higher order cerebral cortices, including intraparietal sulcus (IPS), precuneus, medial prefrontal cortex, and the insula (Hasson et al. 2004 (Hasson et al. , 2008b Nguyen et al. 2015) . These studies leverage the advantage of the rich natural scene statistics, the engaging nature of well-directed movies, and their hierarchical narrative structure. Emotionally salient movies not only engage emotional and interoceptive regions such as the insula , but additionally hold potential to unlock key disturbances in affective disorders such as melancholia Hyett et al. 2015) .
Here, we adopted a dynamic movie-viewing paradigm to examine putative perceptual and cognitive roles of the cerebellum. Dynamic paradigms have been reported to activate the cerebellum in the context of biological motion for point-light (Grossman et al. 2000; Vaina et al. 2001 ) and movie-like displays (Calvo-Merino et al. 2006) ; and detection of social interactions and animacy attribution in Heider-and-Simmel movies, where an impression of social interactions was conveyed by motion of geometric shapes (Ohnishi et al. 2004; Gobbini et al. 2007; Jack and Pelphrey 2015) . However, no previous studies have reported the engagement of the cerebellum during naturalistic movie-viewing paradigms. In this study, we acquired fMRI data while participants passively viewed a short, engaging movie that is rich in dynamic cognitive and affective contents. We hypothesized that the natural viewing paradigm would engage consistent responses in specific cerebellar subregions and reveal distinct cerebro-cerebellar interactions during naturalistic conditions.
Materials and Methods

Participants
Twenty right-handed participants (11 females, 9 males; aged between 21 and 31 years; mean age 27 ± 2.7 years) participated in the study. The participants were recruited from the University of Queensland and provided written informed consent. Participants received a small monetary compensation ($50) for their participation in the study. The study was approved by the human ethics research committee of the University of Queensland and was conducted according to National Health and Medical Research Council guidelines.
Experiment Paradigm
The experiment comprised two scanning sessions. For each session, fMRI data were acquired while participants first rested quietly with their eyes closed, and then freely viewed a 20-min movie "The Butterfly Circus." This is a short, positively valenced movie that depicts the story of a man born without limbs who is encouraged by the showman of a renowned circus to discover his own potential. The Butterfly Circus was selected based on the following criteria: 1) produced within the last decade; 2) a critically acclaimed, award winning film; 3) rated >7.5 out of 10 by >1000 people on IMDb (Internet Movie Database, the biggest online entertainment database); 4) short duration (< 25 min). Criteria 1-3 are to ensure high production quality and popularity of selected movies; criterion 4 allows the entire movie to be fitted into a single imaging session without clipping or editing, so that the full storyline can be appreciated (see also Supplementary Materials and Supplementary Table 1 for the narrative structure of the movie).
All participants reported that they had not previously seen the movie. The movie stimulus was presented using Presentation software (NeuroBehavioral Systems, USA) and displayed via an MRI-compatible monitor located at the rear of the scanner. The soundtrack of the movie was delivered through MRIcompatible audio headphones (Nordic NeuroLab, Norway). Three months after the first experiment, participants returned to perform a second scanning session involving an identical protocol of resting-state and movie-viewing tasks. The repeated scanning sessions were used to establish the test-retest reliability of our findings.
Three participants were excluded from our data set. One was due to technical problems during data recordings and the other two participants were excluded because they did not return for the second session to complete the task. Hence, subsequent analyses presented in this study comprised data from 17 participants (10 females and 7 males).
In addition, we acquired fMRI data during two control conditions created by scrambling the original Butterfly Circus movie. The first control condition was created by first dividing the original movie into 3-5 second segments then concatenating randomly chosen segments into a 5-min video clip. Here, the visual and auditory information of each segment was retained, but the storyline was disrupted. The second control condition was similarly a 5-min scrambled video clip but with shorted movie segments (1-3 s). In addition, the audio was replaced by an ambient noise recorded in a restaurant, which mimics the complexity of the original audio track but without clear, comprehendible dialogs. This condition disrupts the narrative, as in the first control experiment, but also disrupts the connection between the visual and auditory streams, while still retaining the basic complex features of each. Eight participants (4 females and 4 males) were recruited specifically for the control experiments. To avoid potential confounds of familiarity, these participants had never viewed the original movie. During these experiments, participants underwent 2 fMRI scan sessions, where they were instructed to freely watch the 5-min video clips, and a T1 scan afterwards. All images were acquired using identical scanning parameters as in the original experiments.
Functional Image Acquisition and Preprocessing
Functional and structural images were acquired from a wholebody 3-Tesla Siemens Trio MRI scanner equipped with a 12-channel head coil (Siemens Medical System, Germany). . Functional images were preprocessed using standard methods implemented in Statistical Parametric Mapping toolbox (SPM12, Welcome Department of Imaging Neuroscience, Institute of Neurology, London). The first five volumes of each EPI sequence were discarded to allow scanner equilibrium to be achieved. The remaining functional images were slice-timing corrected and realigned to the first image using a six-parameter linear transformation, and subsequently coregistered to the T1 structural image of each individual subject. The structural images were segmented into gray matter, white matter (WM), and cerebrospinal fluid (CSF) using the Segment algorithm implemented in the voxel-based morphometry (VBM8) toolbox (Ashburner and Friston 2000) . The functional images were subsequently normalized to the Montreal Neurological Institute (MNI) space using Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (DARTEL) (Ashburner 2007) , and smoothed with a 6-mm full width half maximum Gaussian kernel. The preprocessed images were further bandpass filtered (0.0085-0.15 Hz) and regressed on nuisance covariates including WM, CSF, and Friston-24 motion parameters using the Data Processing Assistant for Resting-state fMRI software (DPARSF) to reduce potential effects of physiological confounds (ChaoGan and Yu-Feng 2010).
ISC of Brain Activity
We employed voxel-wise ISC analyses to identify regions that exhibit consistent responses across participants during the movie viewing (Hasson et al. 2004; Kauppi et al. 2014 ). The ISC analysis and statistical tests were performed using the ISC toolbox (Kauppi et al. 2014 ) and were applied separately for the functional images of each movie-viewing and resting-state sessions. Voxel-wise ISC maps were derived for each pair of subjects by computing Pearson's correlation coefficients of the voxel time courses. This analysis resulted in 153 ISC maps obtained from the data of 17 participants.
For statistical inference, we performed a nonparametric permutation test with 1000 000 randomizations. In each iteration, voxel time courses were circularly shifted by a random number of volumes and this was performed independently for each participant to destroy the cross-correlations across subjects. Pearson's correlation coefficients of the shifted time courses were subsequently recomputed. These form the null distribution that observed correlations reflect trivial effects such as the finite sample length and autocorrelation structure of blood oxygen level-dependent (BOLD) time series (Breakspear et al. 2003) . To determine significant thresholds for ISCs, we first constructed the distribution of P values for each voxel under the null hypothesis and then corrected the observed values using the false discovery rate (FDR)-based multiple comparisons correction (Kauppi et al. 2010 ). Significant voxels were identified using a whole-brain FDR-corrected threshold P < 0.001.
Group-mean ISC maps were visualized using the Brainnet Viewer software (Xia et al. 2013 ) to render significant voxels on the cortical surface. In addition, the SUIT toolbox (Motor Control Group, University of College London, UK, http://www.icn.ucl.ac. uk/motorcontrol/imaging/suit.htm) was used to visualize the cerebellum by overlaying ISC results on a cerebellar flat map.
Divergence and Dynamics of Cerebellar Activity
We next focused on cerebellar responses, specifically in the posterior Crus I/II and inferior HVIIIb/HIX regions selected according to the whole-brain ISC analysis (see Supplementary Methods and Supplementary Fig. 1 ). Paired t-tests were used to compare moment-by-moment divergence in neural responses between the selected cerebellar regions (P < 0.05, FDR corrected). To assess the reliability of divergent responses between two cerebellar regions, the statistical significance of the overlapping moments between the two movie-viewing sessions was tested using nonparametric test with 5000 permutations. For each permutation, the cerebellar time series were circularly shifted by a random amount. This maintains the autocorrelation structure within the data while destroying cross-correlations. The distribution of overlapping moments between two viewings calculated from this process represents the null hypothesis.
Dynamics of the cerebellar consistency were further examined using the dynamic ISC analysis. In essence, this analysis quantifies ISC within brief time windows and hence allows one to infer the temporal fluctuations in the ISC across the duration of the movie viewing. Dynamic ISC was computed using a sliding-window average with a time step of 2.2 s (1 TR). We performed this analysis with different window lengths ranging between 60 s (30 data points) and 180 s (90 data points). As different sliding windows yield similar patterns of temporal fluctuations, we present the results using 90 s in the main text.
Cerebellar Activations to Specific Movie Features
We next examined responses of the cerebellar regions to specific movie features, specifically the influence of plot twists and visual saliency. Plot twists represent surprising moments or turning points, which feature changes in the storyline of the movie. The moments of these plot twists events were annotated from the movie by three independent experts, whom were blind to and independent from the analysis of neuroimaging data (Supplementary Methods and Supplementary Table 1) .
Visual saliency of the movie was estimated using the graphbased visual saliency (GBVS) model (Harel et al. 2006 ). The GBVS model is a well-established computer vision technique that aims to automatically estimate the level of bottom-up visual attention drawn by each movie frame. This model mimics the visual selection mechanism of the human vision system and estimates a frame-to-frame salience value. The GBVS model is based upon Markov chains and organized as a three-stage procedure to 1) extract informative features of visual images, 2) derive an activation map based on the extracted features, and 3) finally normalize this activation map to highlight conspicuousness. In the first stage, the informative features of each movie frame were estimated according to the contrasts of image intensity, color, and orientations. In the second stage, the activation map was defined from Markov chains of individual informative features with the equilibrium distribution over map locations (Harel et al. 2006) . In addition, a surprise model was adopted to quantify visual saliency of continuous video stream and capture dynamic features such as temporal information of a moving object (Itti and Baldi 2005) . Finally, the visual saliency map was averaged spatially to generate the saliency curve and down-sampled to match the fMRI acquisition.
In addition, our analysis included additional features derived from the movie, including the language, audio envelope, and scene transitions (See Supplementary Material for a detailed description). The occurrence of these features, together with plot twists, and the visual saliency curve were convolved with the canonical hemodynamic response function (HRF) implemented in the SPM toolbox, and subsequently entered into the general linear model (GLM) analyses of the cerebellar responses. To test functional specificity, we performed similar analyses using time series extracted from the calcarine sulcus and Heschl's gyrus. Model estimation was performed using the glmfit.m function implemented in Matlab, resulting in subjectspecific beta values. A one-sample two-sided t-test was used to test the significance of beta values (P < 0.05, FDR corrected).
Cerebellar-Cerebral Functional Connectivity Analysis During Rest and Movie Viewing
Using the selected cerebellar region of interest (ROI), we performed seed-based functional connectivity analyses to characterize the functional connectivity networks of the posterior Crus I/II and inferior HVIIIb/HIX regions. For each seed region, a GLM was performed to determine functional connectivity between the seed region and all cortical voxels. Functional connectivity was estimated separately for resting-state and movie-viewing conditions. For statistical contrasts between the functional connectivity maps of the rest and movie, we employed a onesample t-test implemented in the statistical nonparametric mapping toolbox (SnPM) toolbox (Nichols and Holmes 2001) . The analysis was performed using 5000 random permutations. For each permutation, functional connectivity maps were randomly relabeled between rest and movie viewing. These permuted data generate a surrogate distribution for the null hypothesis that there are no significant effects in the contrasts between the film and rest conditions. Significant voxels were defined using a cluster-corrected threshold (P < 0.05, FDR corrected).
Functional connectivity networks were also characterized using independent component analysis implemented in MELODIC as part of the FSL software package. Tensor-independent component analysis (tICA) was employed to decompose the fMRI data for movie viewing under a fixed effects assumption that the temporal response pattern is the same across the participants (Beckmann and Smith 2005) . Since this assumption is clearly a priori not valid for resting-state data, concatenated independent component analysis (cICA) was therefore used for the analysis of the resting-state fMRI data. A cutoff of 50 components was used for both tICA and cICA for decomposing independent components into functional connectivity networks (Pamilo et al. 2012) . Components related to the posterior Crus I/II and inferior HVIIIb/HIX were identified according to temporal correlations with the cerebellar ROI time series, and spatial similarity between the cerebellar components of ICA network and the corresponding clusters.
Results
Consistent Cerebellar Activations During Movie Viewing
Twenty healthy adults viewed a highly structured, short dramatic movie (see Supplementary Materials for detailed annotation and feature extraction). We first characterized the ISC of the cerebellar cortex during this natural viewing experiment. As a sanity test, we initially confirmed that our paradigm achieved robust ISC in the cerebral cortex. Indeed, strong ISCs were observed in primary and association sensory areas, as well as higher order brain regions including bilateral IPS, frontal eye field (FEF), interior frontal gyrus, dorsal medial prefrontal cortex (DMPFC), and precuneus ( Fig. 1a ; P < 0.001, FDR corrected). We then studied ISC in the cerebellum. Intriguingly, several cerebellar regions showed robust ISC during natural viewing, with the most robust consistency in two bilateral sets of clusters at the posterior Crus I/II and the inferior HVIIIb/HIX lobules (Fig. 1b) . Smaller clusters were also detected at the bilateral HVIIb. The level of consistency in these cerebellar regions was similar to that observed in the higher order cerebral regions, such as IPS, DMPFC, and precuneus (Fig. 1a) . As expected, neither the cerebellar nor cerebral cortices show significant ISC during resting state. We also examined gender differences of the cerebellar responses and found no significant effects. Furthermore, the cerebellum was not engaged during the viewing of two scrambled movie clips, while significant responses were detected using a matched amount of data from the viewing of the original movie ( Supplementary Figs 2 and 3) , suggesting that the cerebellar activations were not due to basic audio-visual processing.
These cerebellar engagements were also highly reliable. The posterior Crus I/II and the inferior HVIIIb/HIX clusters remained consistently activated across participants when they viewed the same movie for a second time 3 months later (Fig. 1d) . The reliability was further confirmed by analyzing the withinsubject correlation: Neural activity in the posterior Crus I/II and inferior HVIIIb/HIX was highly correlated across the two viewing sessions ( Fig. 1f ; P < 0.05, FDR corrected). Together, intersubject and within-subject correlation analyses revealed that the cerebellum is consistently and reliably engaged by this dynamic audio-visual movie.
Distinct Dynamics Between Crus I/II and HVIIIb/HIX Regions
We then asked whether these two cerebellar regions play distinct functional roles during the natural viewing paradigm. To achieve this, we tested the divergence of the BOLD signals from the posterior Crus I/II and the inferior HVIIIb/HIX clusters as they fluctuated in time (see Materials and Methods and also Supplementary Fig. 1 for the selection of ROIs). While no divergence between these signals was observed during resting state, significant divergences occurred during specific moments of the movie (Fig. 2a,b ; paired t-test, P < 0.05, FDR corrected; see also Supplementary Tables 2 and 3 for description of the movie scene during significant divergent moments). The occurrence of these divergent moments was also reliable, overlapping significantly between the two viewing sessions ( Fig. 2c ; permutation test, P < 0.01). These observations suggest that the two cerebellar regions contribute to distinct cognitive processes during movie viewing.
We further quantified the temporal dynamics of cerebellar activations using dynamic ISC analyses, to capture fluctuations in neural consistency as the movie's narrative unfolds. We observed quite distinct temporal dynamics of ISC between the two cerebellar regions, which replicated across the two viewing sessions ( Fig. 2d ; between session correlation r = 0.8 for HVIIIb/HIX; r = 0.4 for Crus I/II). Both cerebellar regions showed a trend of increasing ISC toward the end of the movie (see Supplementary Fig. 4 for results using different sliding windows). This increasing trend is also present across the cerebral cortex, in particular for heteromodal association areas such as the precuneus, posterior parietal cortex, and medial prefrontal cortex ( Supplementary Fig. 5 ).
Cerebellar Activations Elicited by Specific Movie Features
We next asked whether the two cerebellar regions were driven by specific dramatic elements of the movie. We postulated that the cerebellum might be activated by salient moments when novel or interesting information appears. Specifically, given their robust functional connectivity with the dorsal attention network (DAN) (Buckner et al. 2011 ) (also see the following section), we hypothesized that the inferior HVIIIb/HIX regions would respond specifically to the salience of visual features. We estimated the visual saliency of the movie using an established computer vision technique (Harel et al. 2006) , which computes the level of bottom-up visual attention drawn by each movie frame (Fig. 3a) . Remarkably, visual saliency significantly correlated with the BOLD time series of the HVIIIb/HIX clusters ( Fig. 3b ; P = 0.003; t = 3.5), but not with the Crus I/II clusters or other control sites in the cerebrum (the calcarine sulcus or Heschl's gyrus) (P > 0.05). This association remains significant following inclusion of other features of the movie, including language, audio envelope, and scene cuts, into the regression model (Supplementary Table 4) , suggesting the specific involvement of the inferior HVIIIb/HIX regions in signaling saliency in visual inputs
The Crus I/II subdivision is thought to contribute to higher cognitive processes and has recently been shown to be activated by "predictive errors" in semantic processing (Moberget et al. 2014) . Therefore, we hypothesized that the posterior Crus I/II regions would be associated with the "plot twists" or turning points in the storyline of the movie, such as when characters confronted a dramatic obstacle, decision, goal, or challenge. These turning points were carefully and independently annotated by three independent experts in film theory, following standard procedures ( Fig. 3c ; see Supplementary Methods and Supplementary Table 1) . Indeed, only the posterior Crus I/II clusters responded strongly and significantly to the occurrence of plot twists in the movie ( Fig. 3d ; one-sample twosided t-test, P = 0.002; t = 3.74; see also Supplementary Table 5) .
Cerebro-Cerebellar Functional Connectivity During Movie Viewing
Previous work has demonstrated distinct functional connectivity between the cerebral and cerebellar cortices at rest (Habas et al. 2009; Buckner et al. 2011; Thomas Yeo et al. 2011) . In particular, the posterior Crus I/II regions were shown to correlate with activity in the default mode network (DMN), and the inferior HVIIIb/HIX regions with the DAN at rest (Buckner et al. 2011 ). Using seed-based functional connectivity analyses, we were able to confirm (the previously reported) resting-state functional connectivity between the posterior Crus I/II and the DMN regions at rest ( Supplementary Fig. 6a ), but also find this functional connectivity to be enhanced during the natural viewing condition ( Fig. 4a and Supplementary Fig. 6b ,c; P < 0.05, FDR corrected). In addition, the posterior Crus I/II showed robust functional connectivity with the middle and superior temporal gyri during natural viewing, possibly reflecting the presence of audio-visual processing during movie viewing (Fig. 4a) . This viewing-related functional connectivity with the posterior Crus I/II does not extend to the primary auditory cortex. Similarly, the inferior HVIIIb/HIX clusters correlated significantly with the DAN regions, specifically the IPS and FEF, during resting state (Supplementary Fig. 6d ). In addition, the primary visual cortex, which was thought to lack a restingstate functional connectivity counterpart in the cerebellum (Buckner et al. 2011) , showed significant viewing-related functional connectivity with the inferior cerebellum, although at a much weaker level than the DAN regions. The cerebral functional connectivity of the inferior HVIIIb/HIX was significantly increased during natural viewing, particularly in the DAN regions and the fusiform gyrus ( Fig. 4a and Supplementary Fig.  6e ,f; P < 0.05, FDR corrected). The greater functional connectivity of the inferior HVIIIb/HIX with the cerebral networks during natural viewing likely reflects increased involvement of these cerebellar regions in visual and attentional processing.
These distinct patterns of cerebro-cerebellar functional connectivity during natural viewing were further quantified by tICA, a data-driven method commonly used for naturalistic paradigms . Two tICA components showed strong temporal correlations with the inferior HVIIIb/HIX overlapped with the core regions of the DAN network, including bilateral IPS and FEF (IC2 and IC7, Fig. 4b and Supplementary  Fig. 7) . The tICA component with the highest temporal correlation with Crus I/II activity encompassed DMN regions including DMPFC and precuneus, as well as bilateral superior temporal gyrus (IC5, Fig. 4b ). Interestingly, one ICA component (IC1) showed a lateralized pattern featuring the Broca's area on the left cerebral hemisphere and the right posterior Crus I/II (Supplementary Fig. 7b ). Inspired by this anatomical distribution, we tested whether this network might be driven by verbal contents during the movie. Indeed, this network was significantly activated during segments of the movie with substantial dialog, more so than by the audio envelope of the movie alone (see Supplementary Materials and Supplementary Fig. 8 ).
Discussion
This study provides the first comprehensive analysis of cerebellar activity and connectivity during movie viewing-a naturalistic cognitive and affective paradigm. We demonstrated that the cerebellum is consistently and reliably engaged during naturalistic cognitive processes, with the posterior Crus I/II and the inferior HVIIIb/HIX being the most robustly engaged subregions. Crucially, activity in these regions was correlated with distinct cognitive and visual features of the movie, and with widespread cortical networks involved in visual and auditory processing, and attention and executive functioning, suggesting functional roles that go well beyond coordinating eye movements-the only substantive motor activity that occurs during movie viewing. Our findings, derived from a dynamic, naturalistic paradigm, shed new light on the functional anatomy of the cerebellum. Naturalistic stimuli, such as movies, music and spoken or read narratives, provide an ecologically valid window into the neural basis of perception, language, cognition, and emotion (Hasson et al. 2008a; Hasson and Honey 2012) . Given the increasing number of functional neuroimaging studies using movie stimuli, it is curious that the engagement of the cerebellum has not been previously reported. Presumably, the cerebellum involvement has been overlooked, reflecting the prevailing view that the cerebellum plays a limited functional role outside explicit motor tasks. Our results demonstrated robust engagements and functional diversity of the cerebellum during natural viewing, importantly only in the presence of structured storyline. The two cerebellar regions at Crus I/II and HVIIIB/IX showed divergent responses, likely reflecting distinct functional roles in natural perceptual and cognitive processes. Interestingly, these clusters, although circumscribed, do not appear to belong to one particular lobule but rather span across adjacent lobules. Therefore, we discuss our findings here with reference to the actual anatomical location, not merely the overlapping lobules, which likely encompass large and functionally heterogeneous areas.
The multimodal and dynamic properties of naturalistic paradigms provide a complementary approach to (classically single domain) laboratory-designed tasks that provide greater explicit parametric control, but at the expense of ecologically representative and dynamic properties (Hasson et al. , 2016 . Previous studies have developed an abstract version of dynamic movie paradigms, which use point-light displays mimicking biological motion (i.e., walking and dancing), "video clips of human movements," or animations based on motions of geometric shapes, and detected robust activations in the cerebellum (Grossman et al. 2000; Vaina et al. 2001; Ohnishi et al. 2004; Calvo-Merino et al. 2006; Gobbini et al. 2007; Jack and Pelphrey 2015) . Here, we used a naturalistic movie viewing paradigm and identified bilateral engagement of the cerebellar subregions, especially in the posterior Crus I/II (Fig. 1) . While these subregions have been identified in the task-based literature (Thürling et al. 2011; Baumann and Mattingley 2012; Stoodley 2012; Balsters et al. 2013; Jack and Pelphrey 2015) , consistent bilateral activations at these anatomical locations were not detected in recent meta-analyses of cerebellar activations during a variety of cognitive and affective tasks (Stoodley and Schmahmann 2009; E et al. 2014) . This discrepancy could be due to technical considerations, such as narrow field of view, nonoptimal acquisition parameters, and poor normalization template for the cerebellum, which are common in the neuroimaging literature. Nonetheless, this naturalistic study appears to shed novel insights beyond previous task-based literature, which could guide experimental design and data analysis in future studies on the cerebellum.
The results of our seed-based and ICA analyses give a converging picture of cerebro-cerebellar functional connectivity (Fig. 4) . Activity in the posterior Crus I/II regions was highly correlated with the DMN and superior temporal cortex, while the inferior HVIIIb/HIX was functionally associated with the visual stream and DAN. These results are also convergent with functional connectivity studies of the cerebellum during resting state (Habas et al. 2009; Krienen and Buckner 2009; Buckner et al. 2011 ), during cognitive tasks including biological motion processing, imitation and social interaction (Jack et al. 2011; Sokolov et al. 2012; Jack and Pelphrey 2015) and visual attention (Kellermann et al. 2012) , as well as structural connectivity studies based on diffusion imaging (Sokolov et al. 2014) . One notable difference is that the functional connectivity between the HVIIIb/HIX regions and visual networks in the present study is more robust than previously reported (Supplementary Fig. 6 ). This connectivity pattern, however, does not necessarily imply a direct connection between the cerebellum and visual cortexor a "cerebello-visual network." Results from the control conditions, where high ISC was present in the visual and auditory regions but completely absent in the cerebellum ( Supplementary Fig. 2 ), support the notion that the cerebellum does not have a direct counterpart of visual and auditory networks (Buckner et al. 2011) .
Most of the activations we observed were bilateral with highly symmetric spatial patterns. Only, the first-ranked ICA network was clearly lateralized, comprising core components of the language network, Broca's and Wernicke's area on the left cerebral hemisphere, as well as the right posterior Crus I/II (Supplementary Fig. 7b ). In addition, this network was significantly activated during movie sequences with verbal components ( Supplementary Fig. 8 ). This observation concurs with previous neuroimaging and lesion studies that the right posterior-lateral cerebellum is associated with language processing (Roskies et al. 2001; Xiang et al. 2003) . Intriguingly, the posterior Crus I/II regions in our study were recently reported to respond to "prediction errors" in language comprehension, or verbal "surprises" created by incongruent sentences whose semantic constructs are violated (Moberget et al. 2014) . Hence, the role of the posterior Crus I/II regions in language processing could be a higher order computation beyond low-level verbal perception or comprehension. As such, it might play a crucial role in the "on the fly" predictions and error updating required for comprehension of the complex storyline in a well-directed movie.
The complex nature of naturalistic stimuli challenges statistical inference between cerebellar activity and particular stimulus features. Nonetheless, we found evidence that the cerebellar activities tend to peak around the salient moments in the movie streams: The inferior HVIIIb/HIX regions were strongly activated to transitions in the visual scenes, and the posterior Crus I/II regions tended to peak at the surprising moments embedded in the movie, or "plot twists" (Fig. 3) . These observations could potentially open up new research hypotheses for understanding the cognitive function of the human cerebellum. To draw an analogy with the motor function of the cerebellum, where the anterior cerebellar lobules encode the generation of predictions and processing of prediction error signals of motor action (Imamizu et al. 2000) , the cognitive divisions of cerebellum could well be used in the temporal prediction and evaluation of more complex cognitive and perceptual processes (Wolpert et al. 2003; Ito 2008; Koziol et al. 2014) . This proposal has received recent empirical support, including the abovementioned language study where the posterior Crus I/II appeared to be tuned toward "predictive errors" in semantic processing (Moberget et al. 2014 ). Our observations concur that the cerebellum could encode "surprise" or "incongruence" during complex mental processes grounded in dynamic narratives by deploying the basic computations in its simple cytoarchitectural circuits to functional interactions with heteromodal cortex.
Limitations and Future Direction
In this study, cerebro-cerebellar functional connectivity patterns were compared between resting-state and naturalistic movie viewing. Movie viewing, however, is a largely stimulusdriven condition, with additional narrative components arising from the viewers' interpretation of the plot. ISC in neural activity during this condition inevitably reflects some co-activation by external stimuli, particularly in low-level sensory regions, rather than intrinsic connectivity. Due to the complexity and richness of movie stimuli, it is not possible to disambiguate stimulus-driven effects in the way that psychophysiological interactions analysis can achieve for task-based paradigms. Nonetheless, fundamental aspects of functional connectivity architecture have previously been shown to be preserved between resting state and a variety of task-driven conditions (Smith et al. 2009; Cole et al. 2014) , with relatively modest additional contributions arising specifically from task-driven coactivations. Another limitation is that it is challenging to relate neural activities with specific cognitive functions in such dynamic and complex context. Here, we used careful human and computer-assisted annotations of the film to extract salient features and found significant effects using the GLM. However, we cannot exclude potential influences from unannotated features of the movie. Finally, functional connectivity is based on correlation of functional data and therefore does not entail direct structural connectivity (Buckner et al. 2011) . Future studies using high quality diffusion imaging data could inform the structural connections underlying the cerebro-cerebellar functional connectivity patterns identified here.
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